Mixotrophic growth conditions were established by the addition of lactate to cultures of Hydrogenomonas eutropha growing autotrophically in a gaseous environment of H2, 02, and CO2 (6:2:1 Since they gave almost identical results in all experiments, data are reported only for the H-2 strain. Autotrophic cultures were grown in a mineral salts solution (16) in a gas atmosphere of H2, 02, and CO2 (6:2:1).
Mixotrophic growth conditions were established by the addition of lactate to cultures of Hydrogenomonas eutropha growing autotrophically in a gaseous environment of H2, 02, and CO2 (6:2:1). The specific growth rate of mixotrophic cultures was double that of the autotrophic cultures, and lactate disappearance paralleled growth. Growth yields in mixotrophic cultures were significantly greater than those in heterotrophic cultures for equal quantities of lactate consumed. The magnitude of the increase in yield was directly proportional to the absolute growth rate at the time of lactate addition to the starting autotrophic culture and to the time under mixotrophic conditions. The specific activities of hydrogenase and ribulose diphosphate carboxylase decreased during mixotrophic growth; the total activities increased somewhat. The results suggested that the complete autotrophic and heterotrophic physiologies functioned simultaneously under mixotrophic con- tions.
The hydrogenomonads are representative of a group of bacteria capable of growth in a completely mineral medium or in a medium in which organic substrates serve as energy and carbon sources. General belief has been that these two growth potentials represent separate and alternative physiologies. This concept is based, at least in part, on the early observation that the growth of hydrogen bacteria or thiobacilli in organic media inhibits their ability to oxidize hydrogen (14, 18) or thiosulfate (21) , respectively. Kluyver Since they gave almost identical results in all experiments, data are reported only for the H-2 strain. Autotrophic cultures were grown in a mineral salts solution (16) in a gas atmosphere of H2, 02, and CO2 (6:2:1).
Growth experiments were done in 250 or 300 ml Nephelo flasks (Bellco, Inc., Vineland, N.J.). All flasks were connected to a water-displaced gas reservoir via a manifold which permitted removal of individual flasks. The flasks were mounted on a rotary shaker, and cultures were agitated during growth. Culture turbidity was measured with a Klett-Summerson photoelectric colorimeter with a 54 filter. Measurements did not require the removal of the flasks from the manifold. All operations were carried out in a 30 C constant-temperature room.
To initiate a growth experiment, an autotrophic culture (usually 50 ml) was grown overnight. This culture was then diluted with fresh mineral salts solution. The diluted culture was distributed in 50-ml replicate portions to Nephelo flasks fitted with rubber stoppers having single, uniform-size outlets. All the flasks were evacuated and refilled with the gas mixture by connecting the outlets to the manifold. With this procedure, the exponential growth phase of the new cultures was reached within 1 hr after dilution, and replicate cultures varied in turbidity by only a few Klett units during a growth experiment. When required, a solution of sodium lactate was injected into the medium through the rubber stopper with a syringe and hypodermic needle. To change from the autotrophic gas atmosphere to air, a flask was detached from the manifold, rapidly evacuated, and opened to the air.
Growth yields are expressed in Klett units. A standard curve relating Klett units to protein, measured spectrophotometrically (22) , was essentially linear over the range of turbidities encompassed by the 617 R1TrENBERG AND GOODMAN growth experiments. A Klett reading of 100 is equivalent to 0.1 mg of protein per ml.
At appropriate times, cultures were immersed in an ice bath to stop further growth and 5-ml or 40-ml portions of the chilled cultures were centrifuged at 3,500 X g at 2 to 4 C for 10 min. The sedimented cells were frozen until used in the enzyme assays described below. Portions of the supernatant fluid were also frozen for subsequent determinations of lactate.
Hydrogenase. Cells sedimented from 5 ml of culture were resuspended in 0.025 M potassium phosphate buffer (pH 7.0 Ribulose-diphosphate (RuDP) carboxylase. Cells sedimented from 40 ml of culture were washed once in 0.1 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.5), and resuspended in the same buffer containing 0.04% reduced glutathione. Suspensions from the same experiment were adjusted to equal turbidities (in the range of 300 to 400 Klett units) as above. Portions (5 ml) of the suspensions were placed in capped, thin-walled, plastic centrifuge tubes which were then floated in a minimal quantity of water in the well of a Raytheon 10-kc sonic oscillator (model DF-101, Raytheon Co. South Norwalk Conn.) and treated at full power for two 5-min intervals, interrupted by a cooling period. Cellular debris was removed by centrifugation at 3,500 X g, and the clarified extracts were frozen if not used immediately.
The assay for RuDP carboxylase was run in two steps following the procedure of Hulbert and Lascelles (7). In the initial reaction, 3-phosphoglycerate (PGA) was formed from added RuDP in the presence of extract. The PGA formed was then measured spectrophotometrically at 340 nm by coupling its reduction to the oxidation of reduced nicotinamide adenine dinucleotide phosphate (NADH2) with added PGAkinase and glyceraldehyde-3-phosphate dehydrogenase. Difficulties were experienced with some lots of glyceraldehyde-3-phosphate dehydrogenase that contained an inhibitor of the PGA-kinase. Relative specific activities and total activities of RuDP carboxylase were calculated from the amounts of NADH2 oxidized. The specific activities of the autotrophic cells averaged about 0.025 ,moles of PGA formed per mg of protein per min.
Lactate. Lactate was determined spectrophotometrically by measuring nicotinamine adenine dinucleotide (NAD) reduction in the presence of added lactic dehydrogenase.
Reagents. RuDP solutions (pH 6.5 to 6.9) were prepared from its barium salt by the procedure of Akoyunoglou and Calvin (1) . The barium salt of RuDP (-26% purity) and the enzymes employed were purchased from Calbiochem, Los Angeles, Calif.
RESULTS
Intitial experiments were designed to compare the growth of H. eutropha under autotrophic, heterotrophic, and mixotrophic (i.e., combined autotrophic and heterotrophic substrates) conditions. Replicate flasks of mineral salts solution were inoculated with autotrophically grown cells and incubated in an H2, 02, and CO2 atmosphere until a convenient rate of culture development was achieved, i.e., culture turbidities of 60 to 100 Klett units and absolute growth rates of 12 to 16 Klett units per hr. [To avoid confusion, it is worth mentioning that the absolute growth rate of a culture (dx/dt) is a function of the mass of growing cells, x, and consequently changes continously during the development of a culture; the specific growth rate l/x (dx/dt) is independent of the mass of cells and remains constant during the exponential phase of a culture.] At this stage (zero-time), a small quantity of lactate (4 to 8 Mumoles/ml) adequate for 1 to 2 cell doublings was added to some cultures; the remainder, not supplemented, served as the autotrophic controls. The original gas atmosphere of 50% of the lactate-containing cultures was replaced with air at zero-time (heterotrophic cultures), and no change was made in the gas atmosphere of the remaining lactate-containing cultures (mixotrophic cultures) until shortly before the time of complete utilization of lactate.
Data from a typical experiment are presented in Fig. 1 . Each point plotted is an average value of six replicate cultures. Relative to the autotrophic controls, there was an initial short lag in the development of the heterotrophic cultures and a slight stimulation of growth in the mixotrophic cultures upon shift-over from autotrophic conditions. Within 1 hr, however, maximum and almost identical specific growth rates were achieved in the mixotrophic and heterotrophic cultures which were almost double the autotrophic rate (0.31 hr-', 0.33 hr-', and 0.17 hr-'). In both sets of cultures containing lactate, growth paralleled lactate utilization, which was more rapid under heterotrophic than under mixotrophic conditions (Fig. 2) .
The removal of hydrogen from the gas atmos- phere before the added lactate was completely consumed (i.e., a shift from mixotrophic to heterotrophic conditions) usually did not cause a detectable change in growth rate (Fig. 1) some experiments, however, growth of the culture slowed perceptibly for 30 min or less and then resumed at the rate prevailing before hydrogen removal. In contrast, if hydrogen was present at the time of lactate exhaustion (i.e., a shift from mixotrophic to autotrophic conditions) there was a pronounced plateau in the growth curve. When growth resumed, it did so at a specific growth rate characteristic of autotrophic cultures (top curve, Fig. 3 ). Growth yields for equal quantities of lactate consumed were significantly higher in mixotrophic than in heterotrophic cultures. In the experiment presented (Fig. 1) , the changes in culture density from zero-time until lactate was completely consumed were from 156 to 111 Klett units, respectively, for the two conditions, an increase of 41 % in the growth yield under mixotrophic conditions. The density of the autotrophic culture increased by 89 Klett units between zero-time and 3.75 hr, the time required for complete utilization of lactate in the mixotrophic culture. Thus, the growth yields under mixotrophic conditions were less than the sum of the individual yields under heterotrophic and autotrophic conditions.
The difference in growth yields between mixotrophic and heterotrophic cultures depended, in part, on the duration of exposure of the former to the combined substrates, hydrogen and lactate. This was shown by experiments in which replicate mixotrophic cultures were initiated simultaneously with subsequent removal of hydrogen from individual cultures at progressively increased times (Fig. 3) . The results show that, for each hour a culture was in the presence of both hydrogen and lactate, the final growth yield at the time of lactate exhaustion increased by 15 Klett units over the heterotrophic control. This unit increment was identical to the growth rate of the culture at zero-time.
The results suggested that the observed growth enhancements under mixotrophic conditions were also a function of the growth rate of the autotrophic cultures at the time of lactate addition. This was confirmed by a series of experiments in which lactate was added to autotrophic cultures of closely similar specific growth rates but of differing cell densities and, consequently, different absolute growth rates. The data are summarized as a plot of the increased yields per hour of mixotrophic growth against the absolute growth rates (autotrophic) at the time of lactate addition (Fig. 4) . The slope of the best-fit line (method of least squares) through the data is 1.1, indicating a one-to-one relation between the two parameters.
Assays were made of the hydrogenase activity of autotrophic cells harvested at zero-time and of heterotrophic and mixotrophic cells harvested at the time of lactate disappearance from the cultures. RuDP carboxylase activities were determined for extracts prepared from samples of the same cells. The data (Table 1) are given relative to the activities of the zero-time cells taken as 100. The specific activities of both enzymes fell during mixotrophic and heterotrophic growth. The decrease in hydrogenase was more pronounced in the mixotrophic than in the heterotrophic cultures; the decrease in RuDP carboxylase was about the same under both conditions. Although the data suggest a repression of these enzymes, some synthesis of both apparently occurred since total activities increased by 30 to 50%, on the average, over those measured at zero-time.
DISCUSSION
Our data demonstrate that if autotrophic cells are placed in an environment containing lactate, H2, C02, and 02, the growth yields are significantly higher than if the cells are fed the same quantity of lactate in the absence of hydrogen. The design of the experiments and the finding that lactate utilization paralleled growth under mixotrophic conditions permit the conclusion that the enhanced growth is due to the simultaneous, and not to the sequential, functioning of autotrophic and heterotrophic growth physiologies.
The simultaneous use, during growth, of hydrogen and fructose by H. eutropha (2) and (3) has also been demonstrated. In these instances as well, growth in the presence of the combined substrates was significantly enhanced relative to heterotrophic growth yields. It has also been shown that the ribulose diphosphate cycle is functional in the absence of hydrogen under certain conditions of heterotrophic growth of hydrogenomonads (5, 6, 11, 12) . Also, hydrogen can be used as a source of energy for the conversion of acetate to polybeta-hydroxybutyrate by nonproliferating suspensions of Hydrogenomonas H-16 (4). Thus, the two aspects of autotrophic growth, chemolithotrophic energy generation from hydrogen and CO2 assimilation by the RuDP cycle, can function independently of each other, and in concert with heterotrophic energy generation and biosynthesis. These characteristics justify the classification of the hydrogenomonads as mixotrophic bacteria (S. C. Rittenberg, Advan. Microbiol. Physiol., in press), i.e. capable of commingling autotrophic and heterotrophic physiologies.
The enhanced growth yields per unit of lactate consumed under mixotrophic conditions could be the result of several effects. In the presence of hydrogen, lactate might serve exclusively as a carbon source with hydrogen oxidation providing all the energy for growth. Such a situation exists when Desulfovibrio desulfuricans is grown with hydrogen and yeast extract (13, 15) or with hydrogen and acetate (20) and when Thiobacillus intermedius is grown with thiosulfate and glucose (10) . This possiblity can be eliminated by quantitative considerations, since the amount of lactate consumed during mixotrophic growth is much greater than the amount of new cell carbon formed. The data in Fig. 1 and 2 , recalculated on the assumption cell carbon equals 50 % (dry weight) (17) , show the utilization of 288 ,ug of lactate carbon/ml and the assimilation of approximately 140 and 110 ,ugm of cell carbon per ml under dixotrophic and heterotrophic conditions, respectively.
A second possibility is that, in the mixotrophic cultures, lactate provides both carbon and energy for growth but the utilization of hydrogen for energy spares part of the lactate from this purpose and makes it available for increased biosynthesis. An analogous situation occurs when T. intermedius is grown in thiosulfateyeast extract broth (10) . The available data provide no strong evidence either for or against this explanation.
Another alternative is that complete autotrophic and heterotrophic growth mechanisms function concurrently in the mixotrophic cultures. Since these cultures were initiated with autotrophic cells in exponential growth, the zero-time cells had high levels of hydrogenase, ribulose diphosphate carboxylase, and (presumably) all steps of the entire RuDP cycle. Since these enzymes can function during the concomitant metabolism of organic substrates, the third possibility seems most reasonable. The oneto-one relation between growth enhancement per unit time under mixotrophic conditions and the absolute growth rate (autotrophic) at zero-time (Fig. 4) support this interpretation. These results suggest that the autotrophic enzymes present at zero-time continued to function under mixotrophic conditions without change of activity, thus contributing an increment of growth which increased linearly with time.
Accepting this third explanation, one would anticipate a decrease in specific activity and a constant total activity of hydrogenase and ribulose diphosphate carboxylase during mixotrophic growth. The assays do show (Table 1 ) a significant decrease in the specific activities of these autotrophic enzymes after mixotrophic growth; however, a 30 to 50% increase was observed in their total activities. These data do not necessarily eliminate the third explanation, since, after the completion of the experiments reported here, it was observed that when H. eutropha is grown on single carbon substrates which repress synthesis of hydrogenase and ribulose diphosphate carboxylase, there is a marked increase in the specific activities of these enzymes at the end of the exponential growth period (J. Lascelles and S. C. Rittenberg, unpublished data). It is possible, therefore, that the increased total activity (Table  1) represents enzyme synthesis during the experimental manipulations subsequent to the termination of mixotrophic growth. In any case, for a decision between the second and third alternatives (or other explanations) a quantitative determination of the relative contribution of CO2 and lactate to cell carbon during mixotrophic growth is required.
There are differences between our results and those reported by Cook, et al., (2) and DeCicco and Stukus (3) . The former investigators observed that the mixotrophic growth rates (and yields) with either histidine, tryptophan, or alanine as the organic substrate were greater than either the autotrophic or heterotrophic rates (or yields) but less than the sum of the two. They observed no growth enhancement with acetate, pyruvate, or glutamate as the organic substrate. Such differences are to be expected since the extent of repression of hydrogenase, RuDP carboxylase, and ribulose-5-phosphate kinase by organic compounds and the extent of repression of catabolic enzymes by hydrogen can vary from RITTENBERG AND GOODMAN O to 100% depending on the organism, the organic substrates, the gas environment, and other factors [see reviews by Schlegel (19) and S. C. Rittenberg, (Advan. Microbiol. Physiol., in press)]. In addition, enzyme destruction (9) and probably enzyme inhibition may also play a role in determining the degree to which heterotrophic and autotrophic mechanisms are expressed in a particular milieu. There seems no reason why any of these three explanations of enhanced mixotrophic growth might not be made to prevail with the proper manipulation of the environment. The ecological question of the significance of mixotrophic growth in natural environments remains to be explored.
